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Geology and concretion occurrences in Utah (figs. S1, S2)
The Lower Jurassic Navajo Sandstone is characterized by fine-to medium-grained sandstone with large-scale cross-stratification and is considered to be the remnant of a large ancient dune field. Over a broad portion of the Colorado Plateau in the southwestern United States, the Navajo Sandstone shows a wide variety of colors mainly due to the varied distribution of Fe-oxide coloration and/or bleaching of Fe-oxide cemented strata (figs. S1, S2).
At White Cliff located in the north of Kanab, the upper part of Navajo Sandstone forms whitish strata and the lower part of Navajo Sandstone forms the reddish strata. Spherical calcite concretions are found within the lower reddish "unbleached" sandstone (figs. S1: A-ii, B-ii; S2: A, D-1). Observations by optical microscope show that micritic calcite grew in the micro-pores of the sandstone matrices (fig. S2: D-3) and cross-cut sedimentary laminae to form spherical calcite concretions. The textural features indicate that the calcite concretions were formed during early diagenesis and grew in-situ authigenically. At Spencer Flat located in the east of Escalante, bleached strata of the upper part of the Navajo Sandstone are widely distributed with abundant occurrence of Fe-oxide concretions (figs. S1: A-iii, B-iii; S2: B, C). At Spencer Flat, partly dissolved calcite concretions stained by Fe-oxide crusts are also found just below the bleaching front, in the middle part of the Navajo Sandstone ( fig. S2 : D-2, D-4).
Previous studies suggested that the upper part of the Navajo Sandstone was originally red and was bleached by hydrocarbon-rich reduced fluids or organic-rich acidic fluids (4) (5) (8) (9) 11) . Intensive bleaching interpreted to have been caused by CO2-charged acidic groundwater has also been observed in drilled core of the upper part of the Navajo sandstone as well as in highly permeable eolian strata and along faults and fractures (13, 14) . A source of CO2 is thought to be either generated from natural reservoirs that are widely developed in the Colorado Plateau (13), or provided directly by magmatic sources (26). Extensive volcanic activity of middle-late Cenozoic age occurred in this area and could have liberated CO2 to the groundwater ( fig. S1C ). Natural CO2 is dissolved in groundwater which consequently becomes acid and dissolves Fe(III) from the Navajo Sandstone, thereby bleaching it. CO2-charged acidic groundwater could have flowed laterally under the influence of gravity, leading to its localized and heterogeneous bleaching, reflecting by permeability variations caused by sedimentary structures (13,14) ( fig. S1D ). Other acids of volcanic origin, such as HCl or H2SO4, are also possibly contributed to the bleaching and pH-buffering reaction of Fe-oxide concretion formation. Therefore, the spatial distributions of bleached strata and Fe-oxide concretions indicate the influence area of acidic groundwater.
Geology and concretion occurrence in southern Mongolia (fig. S3)
The Upper Cretaceous (Campanian) Djadokhta Formation is exposed in the Bayan Zag, Tugrikiin Shiree, and Alag Teeg areas in the Gobi Basin, southern Mongolia. At the type locality of Bayan Zag area, the Djadokhta Formation is characterized by reddish colored, and very-fine to fine-grained, moderately well-sorted sandstones showing large-scale cross-bedding structures. Based on the sedimentary facies analysis, the strata were deposited in eolian dune field under semi-arid climate (15). Although sedimentary structures are similar to the type locality, strata in the Tugrikiin Shiree area is characterized by whitish colored sandstone. The whitish coloration of the strata in this area is thought to be caused by epigenetic diagenetic processes such as Fe-oxide bleaching. On the other hand, underlying strata of intercalated eolian sandstone and fluvial mudstone (Alagteeg Formation) are characterized by reddish color in Alag Teeg area, indicating less bleaching influence. The newly discovered Fe-encrusted concretions in the Tugrikiin Shiree area are developed above the bleached zone ( fig. S3 ).
It is noteworthy that some of bleached eolian sandstone strata in southern Mongolia, including Tugrikiin Shiree area, are located just adjacent to the volcanic rocks of Oligocene age (c. 35 -30 Ma; fig. S3A ). Cenozoic volcanic rocks and alkali basalt lava are widely distributed in the central parts of Mongolia (16, 17) . This intracontinental magmatism is thought to be related to extensional tectonic conditions, but some studies also suggests its influence of high heat flux from mantle plume. Given that extensive bleaching of eolian sandstone strata in Utah are possibly caused by the influence of CO2-charged acidic groundwater, localized bleaching in Mongolian strata can also be caused by acidic water generated from intensive volcanic activity in this area during the middle Cenozoic. Utah (13, 14) . Also shown is schematic drawing of stratigraphic column of Navajo Sandstone with concretion occurrences in studied localities. 
Section S2. Mineralogical and geochemical analysis of concretions

XRD analysis (fig. S4)
The occurrence of calcite was confirmed with an X-ray diffractometer (XRD; Multiflex, Rigaku Co.) using crushed and powdered samples and Cu-Kα radiation (the Cu being subjected to an electron beam of 40 kV/20 mA) ( fig. S4 ). XRD patterns show that calcite remained inside the Fe-oxide concretions distributed just above the bleaching front observed in the Utah and Mongolia. This is clearly evidence that the Fe-oxide concretions formed by chemical buffering reactions between calcites and acidic Fe-bearing solutions. 
SXAM analysis (fig. S5 and S6)
The SXAM intensity maps of carbonate and Fe-oxide concretions with surrounding the eolian sandstone matrices in the Utah and Mongolia were measured. For each concretion, one-dimensional element profiles were produced along a section perpendicular to the concentric ring pattern identified in Ca and Fe maps (figs. S5 and S6). This feature indicates that the Fe-oxide originated outside the concretions rather than inside them. 
Section S3. Experimental formation of Fe-oxide concretions (fig. S7)
Calcite dissolution and pH-buffering experiments were carried out to investigate Fe-oxide crust formation by a reaction between a calcite concretion and an acid, Fe-rich solution. The experiments used calcite concretions and sand samples collected from Utah. The calcite concretions were placed within sand matrices and saturated with a FeCl2 (pH = 3~4) solution ( fig. S7A ). After two to six months of reaction of calcite concretions with the solution, thin-sections were prepared to observe the Fe-oxide-crust that had formed around the calcite concretions ( fig. S7B) . The Fe and Ca distributions were also determined by SXAM ( fig. S7C) . where D is the diffusion coefficient of each ion. We adopt D = 1.0×10 −10 m 2 s −1 for both ions.
QFe3+ is the precipitation rate of the Fe 3+ ion.
We assumed spherical symmetry and all quantities depends only on the distance r from the center of the CaCO 3 sphere. The flow speed of the groundwater is assumed to be negligible. Because CaCO 3 dissolves in a short timescale, the boundary condition on the CaCO 3 sphere is crucial. We adopted the assumption that CaCO 3 sphere dissolves uniformly from inside, and the position of the surface of the CaCO 3 sphere is fixed. Then the Fe-oxide crust formation timescale τ is given by
Where a is the radius of CaCO 3 sphere and v CaCO3 is the molecular volume of CaCO 3 . We adopt a = 15 mm, v CaCO3 = 6.2 × 10 -21 m -3 , and 10 −2 < [H + ] < 10 −1 mol L -1 . The simulation results indicate that the timescale for formation of an Fe-oxide crust of mm-scale thickness is on the order of 1 − 10 years (1.3 < τ < 13 yr).
Formation timescale of bleaching of reddish strata
We also estimated timescale for bleaching (Fe2O3 dissolution) of eolian reddish sandstone strata. The timescale of bleaching of a 200 m thick layer can be estimated as follows. Based on the dissolution rate of Fe 2 O 3 (28), it can be shown that the dissolution is much faster than the time required for the flow of the groundwater across a 200 m thickness. The molar amount of Fe 2 O 3 contained in a layer of thickness L with a volume fraction φ is Lφ/v s , where v s is the molar volume of Fe 2 O 3 . On the other hand, the flow velocity of the groundwater is given by the Darcy's law written as
where k is permeability of the layer, η is viscosity of water, dP/dx is the pressure gradient. Using this formula, the amount of reactant (in this case H + ) penetrating into the layer per unit time and unit area is V cp, where c is the concentration of the reactant and p is the porosity of the layer. Then the bleaching timescale τ is given by The estimated bleaching timescale is on the order of 10 5 -10 7 years (1.1 × 10 5 < τ < 4.3 × 10 7 yr). The variation is due to the uncertainty in the pressure gradient. The values adopted in this estimate are given below. 
